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By adding a neutrino mass term to the Standard Model, which is Lorentz and SU( 2) x U(l) 
invariant but non-local to evade CPT theorem, it is shown that non-locality within a distance scale 
of the Planck length, that may not be fatal to unitarity in generic effective theory, can generate 
the neutrino-antineutrino mass splitting of the order of observed neutrino mass differences, which is 
tested in oscillation experiments, and non-negligible baryon asymmetry depending on the estimate of 
sphaleron dynamics. The one-loop order induced electron-positron mass splitting in the Standard 
Model is shown to be finite and estimated at ~ IO~ 20 eV, well below the experimental bound 
< 1CP 2 eV. The induced CPT violation in the A-meson in the Standard Model is expected to be 
even smaller and well below the experimental bound \mK — rn^ \ < 0.44 x 1CP 18 GeV. 

PACS numbers: 


I. CPT THEOREM AND ITS POSSIBLE EVASION 

The CPT theorem formulated by W. Pauli and G. Liiders [lj, which is 
valid for any Lorentz invariant and local theory described by a hermitian 
Lagrangean with normal spin-statistics, implies the equality of the masses 
of the particle and antiparticle. Nevertheless, the possible breaking of CPT 
theorem has been discussed by many people in the past. To evade CPT 
theorem, one may consider, for example, 

1. Non-local theory, 

2. Lorentz non-invariant theory. 

We have recently discussed the possible mass splitting of the neutrino and 
antineutrino in the Standard Model and its physical implications on the basis 
of Lorentz invariant non-local theory j2]. This is a sequel to the analyses of 
fermion-antifermion mass splitting in a Lorentz invariant non-local theory [J, 
[i]. This Lorentz invariant non-local scheme of CPT breaking itself has been 
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revived by the authors in Ref. [5f]; the model considered by them is based 
on the T-breaking with preserved CP, and thus no particlc-antiparticle mass 
splitting. It is sometimes stated in the literature that CPT breaking implies 
particle-antiparticle mass splitting, but it is not the case; CPT breaking is a 
necessary condition but not sufficient to generate the particle-antiparticle mass 
splitting. The conceptual aspect of this Lorentz invariant non-local scheme 
has also been clarified in [bj, since it is sometimes erroneously claimed in the 
literature that CPT breaking inevitably implies Lorentz symmetry breaking. 
It was emphasized in [6j that the Lorentz invariant CPT breaking scheme, 
which we adopt in the present study, is a very natural logical possibility. 

The neutrino mass is outside the conventional Standard Model and thus may 
provide a window to ’’brave New World”. It may be interesting to incorporate 
CPT breaking in the neutrino mass sector of a minimal extension of the Stan¬ 
dard Model. We incorporate, 

a) C, CP and CPT breaking, 

b) Lorentz invariance, 

c) SU(2)xU(l) gauge invariance, 

d) Non-locality within a distance scale of the Planck length, 
in our model of the neutrino-antineutrino mass splitting j2j. 

We have shown that sizable neutrino-antineutrino mass splitting, which is 
readily tested by oscillation experiment, is possible, but the induced electron- 
positron mass splitting, for example, is negligibly small and in this sense our 
scheme of CPT breaking is consistent with existing experimental data [7]. 


II. THE MODEL 


The Standard Model Lagrangian relevant to our discussion of the electron 
sector is given by 


£ = i^ L Y K - igT a W; - i-g'Y L B„ 

+ + ig'B^)e R + iV R ^d^v R 

r \/2 m e _ + y/2 m D _ 

+ [-e R 0 T 0 L - 




VR<Pl^L - ^Y" R Cv R + h.c .], (1) 


with assumed right-handed component v R . We denote the Higgs doublet and 
its SU( 2) conjugate by 0 and 0 C = *720*, respectively. We tentatively set 
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rriR = 0 with enhanced lepton number symmetry, namely, a ” Dirac neutrino”. 
In short, we assume that every mass arises from the Higgs doublet, which has 
been discovered recently. 

One may add a hermitian non-local Higgs coupling with a real parameter 
// to the above Lagrangian [2], 


C 


CPT 


(x) = —i 


.2y/2fi 


d yA t (x - y)9(x° - y") 


x{vr(x) {<f>t{y)My)) - (^MMy)) vr(x)}, 


( 2 ) 


without spoiling Lorentz invariance and SU(2)l x 17(1) gauge symmetry. Here 
we defined a ”time-like non-local factor”, 


A i(x -y) = 6({x- y) 2 -l 2 ) -6 ((x - y) 2 - l' 2 ^J 

with l standing for fixed length scale and V — 0, for simplicity. 
In the unitary gauge, the neutrino mass term becomes 


( 3 ) 


S„ 


= / d A x< — m D v(x)is(x) ( 1+ 


<p(z) 

v 

-ill J d 4 yAi(x - y ) [9(x° - y°) - 9(y° - x 0 )] 9{x)u(y) 
+ifi J d 4 yAi(x - y)P(x)'y 5 u(y) 
j d 4 yAi(x - y)9(x° - y°) 
x [p(x)(l - 75M2/) - i ? (l /)( 1 + 75 )^(^ 


( 4 ) 


The term 


—i/i / ddx / d A yAi(x — y) [&(x° — y°) — 9(y° — x 0 )] v(x)v(y) (5) 


in the action preserves T but has C = CP = CPT = —1 and thus gives rise 
to particlc-antiparticle mass splitting. 
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The equation of motion for the free neutrino is given by 
il >x d^u{x) = mDv{x) 


+ ip j 

d 4 yAi(x - y ) [6(x° - y°) - 6(y° - x 0 )] u{y) 


- *J 

f* 

d 4 yAi(x - y)^p{y). 

(6) 

By inserting an Ansatz, 

v{x) = e~ ipx U(p), we obtain 


r>u(p) = { 

m + i[f+(p) - f-(p)\ ~ ig(p 2 )l5^U(p), 

( 7 ) 

where 



f±(p) = P 

j d 4 ze ±tpz d(z°) [5 ((^) 2 — l 2 ) — 5(^ 2 )] , 



air 1 ) = r J - 1 1 ) - <S((=) 2 )]- (8) 

The last term is parity violating mass term, which is C and CPT preserving. 

The factor f±(p) is mathematically related to the two-point Wightman func¬ 
tion, 

(0\4>(x)(j)(y)\0) = I d 4 pe l( ' x ~ y ^ p d(p°)S(p 2 — m 2 ). (9) 


We know the properties of the Wightman function well, and they are useful in 
our analysis. For example, the Wightman function has a quadratic divergence 
for the short distance, which is independent of mass. This implies that our 
CPT breaking term in the Dirac equation is free of quadratic divergence in the 
infrared. 

For time-like p 2 > 0, one may go to the frame where p — 0, 

Po = 7°K - f(Po) - wiplhb], (10) 

with 


f(Po) 

g(p 2 o ) 



(ii) 
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For spacc-like p 2 < 0, one can confirm that the CPT violating term vanishes, 
f(p) = 0, by choosing p M = (0 ,p). 

Since we are assuming that the CPT breaking terms are small, we may solve 
the mass eigenvalue equations in (10) iteratively 

m± ~ m D - i^g{m 2 D ) ± f(m D ). (12) 

The parity violating mass —i 75 <?(m|,) is now transformed away by a suitable 
global chiral transformation. In this way, the neutrino-antineutrino mass split¬ 
ting is incorporated in the Standard Model by the Lorentz invariant non-local 
CPT breaking mechanism, without spoiling the SU(2)l x U( 1) gauge symme¬ 
try. 

The Higgs particle tp itself has a tiny C. CP and CPT violating coupling. 


III. EVALUATION OF MASS SPLITTING 


The CPT violating term is evaluated as 


f(p) = -4vr/i/ 2 [0(p o ) - 0(-po)]d(p 2 ) 

1 


x 


du 


i 2 u(Vu 2 - 1 + u) 2 


sin(|p 0 |/w) 


1 msintMH 


+ / duu sm(\p 0 \lu) + 


1 


^ Jo u JO * JO 

Our CPT violating term is characterized by the quantity 

pi 2 , 


du^W.\.( 13) 
u 


(14) 


which has the dimension of mass. 

For \po\l <C 1, which is generally expected since we are going to choose l at 
about the Planck length, we have Lorentz invariant, 

f(p) ^ -TT 2 gl 2 \6(p 0 ) - 6(-po)\6(p 2 ). (15) 

Thus the neutrino-antineutrino mass splitting is given by 

Am ~ 27 T 2 pl 2 . 


(16) 
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Our CPT violating term f(po) is odd in p 0 and /(±0) = ^fAm/2. 

As for the parity violating mass term, we have (in the frame with p = 0 for 

p 2 > 0) 


g(p 2 ) = —4tt/xZ" 


du 


V'- 


u z 


1 + u 


cos\polu] 


sin[p 0 Z] cos\p 0 l] 


Pol ' (poO 2 
This formula is again well-defined if precise p 0 = 0 is excluded. 


( 17 ) 


IV. NEUTRINO-ANTINEUTRINO MASS SPLITTING 


The Lorentz invariant non-local factor 

[0(x° - y°) - d(y° - x 0 )] [<5((a? - yf - l 2 ) - S((x - y) 2 )] , (18) 

mostly cancels out the infinite time-like volume effect and eliminates the 
quadratic infrared divergence completely. In effect, non-locality is limited 
within the fluctuation around the tip of the light-cone characterized by the 
length scale /, which we choose to be the Planck length. 

By setting 

l = l/M P , p = M 3 , (19) 

the neutrino-antineutrino mass splitting is given by 

Am = 2vrV 2 = 2 tt 2 M(M/M p ) 2 , (20) 


which may be regarded as a gravitational effect due to the Newton constant 
Gn = 1/Mp. If one chooses M ~ 10 9 GeV, the neutrino-antineutrino mass 
splitting becomes of the order of the observed neutrino mass (difference) ~ 0.1 
eV. The possible neutrino-antineutrino mass splitting has been discussed in 

The 


the past in connection with neutrino oscillation phenomenology jsj-lO 
neutrino-antineutrino mass splitting 


Am = 10" 1 ~ 10~ 2 eV, (21) 

which is intended to be of the order of m p /5, is generated by M ~ 10 s ~ 10 9 
GeV and appears to be allowed by the presently available experimental data 
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such as MINOS 
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Baryogenesis 


A neutrino-antineutrino mass difference would result in a leptonic matter- 
antimatter asymmetry proportional to the mass difference. This asymmetry 
is transmitted to the baryon sector through the chiral anomaly and sphaleron 
processes which preserve B — L but violate B + L. 

This ” kinematical” picture implies the asymmetry in the neutrino and an¬ 
tineutrino of the order [12} 

{n v - n D )/n v ~ m D Am/T 2 , (22) 


which is, however, too small at the electroweak energy scale to generate the 
baryon asymmetry via sphaleron processes in our case with Am = ICO 1 ~ 
ICO 2 eV. Besides, this initial asymmetry requires the lepton number non¬ 
conservation, while the lepton number is conserved in our model without 
sphaleron effects. 

Thus the lepton and quark sectors need to be treated simultaneously in the 
presence of sphalerons. Barenboim, Borissov, Lykken and Smirnov discuss a 
rather elaborate sphaleron dynamics and conclude at weak scale Mw [lOj 


tib Am 


m 


M, 


w 


(23) 


This estimate in the present case with Am = ICC 1 ~ 10 -2 eV, namely ne/n 7 ~ 
ICC 12 — 10 -13 , is smaller than the observed value ng/n 7 ~ 10 -10 , but it still 
gives an interesting number. 

This equilibrium electroweak baryogenesis does not need CP violation other 
than for the purpose of producing neutrino-antineutrino mass splitting. This 
mechanism differs from the more conventional baryogenesis [13|, [l4] or lepto- 
genesis 
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V. HIGHER ORDER EFFECTS 


The propagator of the neutrino in path integral, which is based on 
Schwinger’s action principle jl6j], is given by [3], 


{T*v(x)v(y)) = 


d'p 


(27T) 


ip(x—y) 


X 


- m D + it + *75p(p 2 ) + f{p) 


(24) 


We can show 


f(p) = ~i[f+(p) - f-(p)] 0, (25) 

g(p 2 ) -+ 0 ( 26 ) 

for p —> oo in Minkowski space, which is an analogue of the cluster property 
of the Wightman function in (9). The propagator for Minkowski momentum 
is thus well behaved and the effects of non-locality are mild and limited. One 
may thus be tempted to replace T* product by the canonical T product [16] 
in (24). 

In the analysis of the renormalization, however, it is customary to consider 
the Euclidean amplitude obtained from the Minkowski amplitude by Wick 
rotation. Our propagator, which contains trigonometric functions, has unde¬ 
sirable behavior under the Wick rotation such as 

sinp 0 z —y i sinhp 4 z, (27) 

and exponentially divergent behavior is generally induced and the effects of 
non-locality become significant. 

One might still argue that higher order effects in held theory defined on 
Minkowski space are in principle analyzed in Minkowski space and, if that is 
the case, our propagator suggests the ordinary renormalizable behavior. This 
issue is left for the future study. 

Induced electron-positron mass splitting 


Our Lorentz invariant CPT violating term is effectively replaced by 
/(p) = ->rV 2 [0(po) - 9(-po)]0(p 2 ), 


( 28 ) 
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which is similar to a constant mass term except for the CPT violating factor 
[9(po) — 9(—po)\9(p 2 ). When this term is inserted into a neutrino line in Feyn¬ 
man diagrams of the Standard Model, those Feynman diagrams are expected 
to show ordinary high energy behavior for a mass insertion, if the naive power 
counting works. Also, perturbative unitarity may not be spoiled since f (p) is 
essentially constant in momentum space. 

We examine the electron-positron mass splitting induced by the above factor 
f(p), when inserted into a neutrino line in one-loop self-energy diagrams of the 
electron in the Standard Model. The PF-boson contribution is then given by 

2 f dA p Q (l — 75 ) tf+m D 0+m D ( 1 - 75 )^ 

9 J (27t) 4 ^ 2 p 2 -m 2 D + ie f ^p 2 -m 2 D + ie la 2 ] 

1 

X (k-p) 2 -M 2 v + l e- (29) 

We thus obtain a finite result, 

- a[m D }t/M^](pl 2 )[9(k 0 ) - 9(-k°)]9(k 2 ) 

with a standing for the fine structure constant, which in fact gives the leading 
contribution. 

The induced CPT violating effect on the electron- positron splitting is finite 
and it is estimated at the order 2 . 

a[m D m e /Mw}(pl 2 )[9(k°) - 9(-k°)}9(k 2 ), (30) 

which, for n 2 pl 2 = 10 -1 ~ 10~ 2 eV, is 

| m e — m s | ~ 10 _20 eV, (31) 

and thus well below the present experimental upper bound < 10 -2 eV [3]- 

The induced CPT violation is expected to be smaller in the quark sector (as 
a two-loop effect) than in the charged leptons in the SU(2) x [/(1) invariant 
theory, and thus much smaller than the well-known limit on the K --meson Q, 

|rriK — trix\ < 0.44 x 10 ~ ls GeV. (32) 

VI. CONCLUSION 

Our proposed model of Lorentz invariant non-local CPT breaking allows 
sizable neutrino-antineutrino mass splitting, which can be tested by oscillation 
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experiments , without inducing detectable undesirable effects in other sectors 
of the Standard Model. Also, it has a potentially interesting implication on 
baryogenesis. The Lorentz invariant non-local CPT breaking at the Planck 
scale thus suggests a promising CPT breaking scheme for an effective held 
theory, although a deeper analysis of basic issues such as unitarity is required. 
The origin of CPT breaking at the Planck scale itself remains to be clarified. 

Note added. A. Suzuki of KamLAND and A.Y. Smirnov informed us 
that the sun neutrino data and the KamLAND antineutrino data show a 
discrepancy in the neutrino mass of ~ e~ 3 eV which is a 2 a effect. It is an 
interesting subject to examine this and other related neutrino oscillation 
experiments in connection with the test of CPT symmetry. We thank them 
for this interesting information. 
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